Abstract. Bone is the most common site for breast cancer metastases. One of the major complications of bone metastasis is pathological bone fracture caused by chronic bone loss and degeneration. Current guidelines for the prediction of pathological fracture mainly rely on radiographs or computed tomography, which are limited in their ability to predict fracture risk. The present study explored the feasibility of using Raman spectroscopy to estimate pathological fracture risk by characterizing the alterations in the compositional properties of metastatic bones. Tibiae with evident bone destruction were investigated using Raman spectroscopy. The carbonation level calculated by the ratio of carbonate/phosphate ν1 significantly increased in the tumor-bearing bone at all the sampling regions at the proximal metaphysis and diaphysis, while tumor-induced elevation in mineralization and crystallinity was more pronounced in the metaphysis. Furthermore, the increased carbonation level is positively correlated to bone lesion size, indicating that this parameter could serve as a unique spectral marker for tumor progression and bone loss. With the promising advances in the development of spatially offset Raman spectroscopy for deep tissue measurement, this spectral marker can potentially be used for future noninvasive evaluation of metastatic bone and prediction of pathological fracture risk.
Introduction
Breast cancer (BCa) is the second leading cause of cancer death in women in the United States, with >230;000 invasive BCa diagnoses and 40,000 deaths estimated in 2014. 1 Despite recent advances in health awareness, patient screening, and cancer treatment, a significant proportion of women still develop advanced BCa, among which ∼70% will develop bone metastases, causing chronic bone loss and destruction. [2] [3] [4] As a result, pathological bone fractures occur and represent one of the most serious problems associated with metastasis. [5] [6] [7] Therefore, it is important to predict patients' fracture risk, thus providing guidance for personalized therapy. Current guidelines for the prediction of pathological fracture rely primarily on radiographs or computed tomography (CT). However, previous studies suggested that information from these examinations alone does not fully explain fracture risk. 8, 9 Combining these current standards with other techniques could offer new opportunities to obtain complimentary information about bone quality and, therefore, improve the prediction of the risk for pathological fracture.
Raman spectroscopy (RS) is a vibrational spectroscopy technique that detects the inelastic scattering of photons upon their interactions with molecules. It provides molecular specific information regarding tissue's compositional properties, which are key determinants for bone quality. In the past decades, RS has been successfully applied to characterize alterations in bone composition caused by aging and disease. [10] [11] [12] [13] McCreadie et al. studied women proximal femurs and suggested bone compositions as risk factors for osteoporotic fracture. 10 In another study, RS-derived bone material properties have exhibited significant correlation with the tissue-level mechanical function of bone, demonstrating promising potential in fracture risk prediction. 14 Despite the promising results of RS in bone quality evaluation, the in vivo application of RS for orthopedic research has been limited by the shallow detection depth in the past decades. Both incident and Raman photons are highly scattered in biological tissues, hindering the technique's ability to detect deeper layers in turbid media. Recent advances in spatially offset Raman spectroscopy (SORS) permitted the detection of Raman signals from depth up to several millimeters and, in some cases, a couple of centimeters by introducing a distance between the illumination and collection fibers. [15] [16] [17] [18] Schulmerich et al. demonstrated the measurement of bone Raman spectra from live mice with optimized fiber configuration. 15 Matousek et al. also successfully demonstrated that, using SORS, the spectrum of thumb distal phalanx could be obtained in vivo with a laser power below skin-safety level. 18 Such a breakthrough in penetration depth has opened the door for noninvasive in vivo Raman interrogation of bone constituents. Furthermore, based on the concepts of spatial offsetting and multichannel collection, Raman tomography (RT) of tissue phantoms has recently been developed, indicating the potential to obtain three-dimensional compositional mapping of bone tissue. 19, 20 Motivated by the need to improve fracture risk assessment in tumor-bearing bone and the promising advancement in SORS and RT, this study tries to determine the feasibility of assessing metastatic bone using RS. Tumor-bearing bones were investigated using Raman microspectroscopy to evaluate whether breast cancer metastases resulted in RS detectable local changes in bone tissue composition that may be linked to bone quality and fracture risk. The goal of the current study is to develop Raman spectral markers that are associated with tumor progression and resulting bone deterioration. These spectral markers may be used to evaluate the quality of metastatic bone and improve the estimation of the pathological fracture risk in the future in combination with noninvasive SORS and RT.
Methods

Mouse Model for BCa Metastasis
All animal studies were conducted in compliance with the National Institutes of Health guidelines as well as the Institutional Animal Care and Use Committee of Vanderbilt University and the University of Texas Health Science Center at Houston. MDA-MB-231 BCa cells (10 5 cells in 100 μl) were injected into the left ventricle of five-week-old female nude mice (Foxn nu-/-; Harlan, n ¼ 15). The control group received a phosphate buffered saline injection (n ¼ 7). The injection procedure was performed under anesthesia using previously reported methods. 21 The mouse was placed on its back with the limbs taped down. A 28 g ½ gauge needle attached to a 300-μl insulin syringe loaded with BCa cells was injected directly into the chest midway between the sternal notch and the top of xiphoid process, slightly left (anatomical) of the sternum. Once a bright red pulse of blood starts pumping back into the syringe, BCa cells were injected into the left cardiac ventricle. After the injection was complete, the needle was pulled straight out and the animal was kept on a heating pad until it fully recovered from anesthesia.
All mice were sacrificed at four weeks post tumor-inoculation. The tumor-bearing and control tibiae were harvested and cleaned of excess soft tissues before being stored in 70% alcohol at 4°C.
Digital Radiograph
Digital plane radiographs of the mice were acquired in vivo weekly using an XR-60 digital radiography system (Faxitron, Tucson, Arizona). Both tumor-bearing and control mice were imaged with an exposure of 35 kVp for 8 s while lying in a prone position under anesthesia. All radiographs were evaluated for tumor burden in a blinded fashion. The number and area of osteolytic bone metastases were calculated using the software MetaMorph (Molecular Devices Inc., Sunnyvale, California). 22, 23 2.3 μ-Computed Tomography μCT was used to determine the mineralization, cortical, and trabecular architecture of the osteolytic lesions in tumor-bearing tibiae. After being removed from alcohol and dried on paper tissue, the proximal ends of the tibiae were imaged cross-sectionally in the μCT40 scanner (Scanco Medical, Bruttisellen, Switzerland). The regions of interest included both metaphysis and mid-diaphysis, and were typically scanned with the following parameters: an isotropic voxel size of 12 μm, x-ray source at 70 kVp and 114 μA, 250 projections per 180 deg, and an integration time of 300 ms. For segmentation of the bone from the surrounding soft tissues, a threshold of 411 mg HA∕ccm, Sigma 0.2, and Support of 1 was used. Bone tissue mineral density (TMD) was quantified from cortical mid-diaphysis via Scanco evaluation software. Trabecular bone volume fraction (BV/TV), trabecular number (Tb.N), and trabecular spacing (Tb.Sp) were calculated from the proximal metaphysis as previously described. 24 
Raman Measurement and Analysis
Raman spectra of the tibial cortical bone were collected using a confocal Raman microscope (Renishaw Invia, Gloucestershire, England), as described previously. 14, 25 In brief, the intact tibiae were mounted on a microscope slide with a small amount of polymer clay to help position the proximal metaphysis surface leveled horizontally. All the samples were measured with the same orientation with respect to the incident light, minimizing possible variations in Raman peak intensities caused by instrument polarization. Thirty milliwatts of a 785-nm laser light was focused through a Leica 50 × ∕0.50 objective on the cortical surface of the tibiae. The scattered Raman signals were collected through the same objective and coupled to a spectrometer and CCD camera for data acquisition. The Raman signals were collected every 500 μm on the proximal end of the tibiae, starting from metaphysis and extending to mid-diaphysis [ Fig. 5(e) ]. Two Raman spectra were acquired for each location, and a total of five locations (10 spectra) were collected for each tibia.
Raman spectra were processed for baseline correction using a modified polynomial fitting method. 25, 26 Peak height at the maximum intensity and peak width at half max of selected Raman bands were calculated using custom-written MATLAB® scripts. The bone spectral signatures used in this study include phosphate ν1 (960 cm −1 ), carbonate (1070 cm −1 ), proline (856 cm −1 ), and amide I (1665 cm −1 ). Bone compositional properties were investigated by calculating mineralization (phosphate ν1∕amide 1 and phosphate ν1∕proline), mineral crystallinity (the reciprocal of the peak width at half max of phosphate ν1), and carbonation (carbonate/phosphate ν1).
Statistics
The statistical significance of tumor-associated changes in μCT and Raman spectral parameters was evaluated by Student's ttests using SigmaPlot 12 software (Systat Software, Chicago, Illinois). The significance level was set at p < 0.05. The coefficient of variation (COV) was calculated by taking the ratio of the standard deviation to the mean of each Raman parameter from the control or tumor groups.
Results
Bone Structural and Architectural Changes Induced by BCa Metastasis
BCa has been known to metastasize into bones and cause bone loss (osteolysis). 2, 3, 7 Representative radiographs in Fig. 1 exhibit the images from the control and the tumor-bearing tibiae. Most of the osteolytic lesions (indicated by Fig. 2(c) , p < 0.001] were observed in the metaphysis of tumor-bearing bone, confirming bone loss and structural disruption caused by BCa. No significant difference was observed in cortical TMD between tumor-bearing tibiae and the control group.
RS Reveals Tumor-Associated Compositional Changes
RS was used to measure mineral and matrix constituents of tibial cortical bones, with special interest at the metaphysis region where metastasis generally starts. Representative Raman spectra from tumor-bearing and control tibiae were compared in Fig. 3 . Selective Raman peaks, including phosphate, proline, hydroxyproline, phenylalanine, carbonate, and protein amide, are labeled in Fig. 3 with their corresponding biochemical assignments. The variations in the intensities of these Raman signature bands reveal the changes in molecular content and organization induced by BCa metastasis. Quantitative analysis of cortical composition was performed by calculating the intensity of Raman features that were associated with tissue-level bone material properties in previous reports.
14 These spectral features include the degree of collagen mineralization, which is calculated by the peak ratio of phosphate ν1 and amide 1 (or proline); type B carbonate substitution level, which is determined by the peak ratio of carbonate and phosphate ν1; and hydroxyapatite crystallinity, which is calculated as the reciprocal of full width half maximum of phosphate ν1 peak. Figure 4 shows the comparison of the aforementioned bone material properties between tumor-bearing and control tibiae when the averaged value from each bone was compared (n ¼ 30 for tumor and n ¼ 14 for control). The tumor-bearing group showed significant increases in mineralization (phosphate ν1∕amide I) [ Fig. 4(a) ] and carbonate substitution [ Fig. 4(c) ], but no significant difference in mineral crystallinity [ Fig. 4(d) ] and phosphate ν1∕proline [ Fig. 4(b) ].
To further evaluate the effect of tissue heterogeneity and proximity to tumor on the acquired spectral parameters, Raman spectra from the same relative location on tibiae were grouped and compared to four other sampling locations. Figure 5 shows tumor-associated compositional changes as a function of the distance to metaphysis. When sorted by locations, the elevation in mineralization is significant only at the proximal positions to metaphysis [Figs. 5(a) and 5(b)], where osteolytic lesions started and were most severe in all the animals (Fig. 1) . Similarly, mineral crystallinity is significantly higher only at the metaphysis [ Fig. 5(d) ] in the tumor-bearing group. In contrast, carbonation level [ Fig. 5(c) ] was enhanced at all five measurement locations on the tibiae, indicating a possible alteration in bone material properties even in the absence of direct interaction with the tumor. Table 1 lists the COV in all the above compositional parameters from control and tumor groups. The variations in carbonation and mineral crystallinity are less pronounced than the mineralization parameters.
Carbonation Level Is Correlated to the Size of Bone Lesions
Pearson's correlation analysis was performed to interrogate the association between Raman-derived compositional properties and the size of bone lesions. The carbonation level showed significant positive correlation with the size of osteolytic lesions (Fig. 6 ), indicating that carbonate/phosphate ν1 could potentially be used as a spectral marker to evaluate tumor-induced bone degeneration.
Discussion
Bone is a common site for BCa metastasis. 27 In breast cancer patients, these bone metastases are typically osteolytic, or bone destructive. 2, 3 Indeed, both digital radiograph and μCT results in our study showed osteolytic lesions in the tibiae of all tumor-bearing mice, which is in agreement with the bone structural changes observed in previous studies. [2] [3] [4] While numerous studies have been focused on the structural and architectural changes of bone in BCa metastasis, other aspects of bone quality, particularly the compositional or material properties, have largely been neglected, likely due to a lack of effective detection methods. Bone TMD calculated from μCT has been suggested as an indicator for bone mineralization. However, μCT cannot detect the organic matrix in bone. Furthermore, the TMD value from the tumor-bearing tibiae in our study did not differ from that of the control group, indicating that μCT alone might not be enough to capture tumor-associated alterations in biochemical compositions. Therefore, techniques that can provide complementary information in bone composition can potentially expand current capability for bone quality evaluation. In the present study, the tumorbearing tibiae exhibited significant differences in Ramanderived compositional properties, suggesting the feasibility to use RS for the detection of changes in bone quality related to breast cancer metastases.
Raman-derived compositional properties, including mineralization, mineral crystallinity, and carbonation, are important predictors of bone mechanical functions. 12, 14, 28 Studies on animal and human bones revealed that these Raman parameters are indicative of bone quality alterations associated with age and disease at tissue level. [29] [30] [31] Collagen mineralization indicates the amount of bone minerals, mainly consisting of calcium phosphate in an apatite crystalline structure, deposited in collagen matrix. 32, 33 Hydroxyapatite crystallinity is an indicator for the size and stoichiometric perfection of the deposited mineral crystal. 34 Both properties have been found to increase with tissue age and demonstrated reduced heterogeneity within aged tissue, along with deteriorating mechanical properties. 12, 29, 31 Since bone is a birefringent material, the polarization of incident light and molecular orientation in the tissue can also affect the intensities of Raman bands. [35] [36] [37] [38] The major vibration of phosphate ν1 is along the direction of collagen fibrils, while the carbonyl groups (amide I) of collagen mainly stretch perpendicular to the fibrils. Therefore, both bands are very sensitive to sample orientation and the instrument polarization. The phase mismatch between phosphate ν1 and amide I could introduce uncertainty when interpreting the difference of phosphate ν1∕amide I between groups. As a result, other Raman bands, such as phosphate ν2 and ν4, amide III, and proline, could be essential quality control parameters for compositional analysis. 35, 37 The area ratio of phosphate ν2 to amide III has been reported as insensitive to sample orientation, indicating phosphate ν2∕amide III is more relevant to the mineralization than phosphate ν1∕amide I. 36, 37 Since the intensities of phosphate ν1 and proline change with phase matching under polarized light, their ratio (phosphate ν1∕proline) has also been recommended for the calculation of mineralization. 35 In the current study, both phosphate ν1∕amide I and phosphate ν1∕proline have been investigated and demonstrated consistent outcomes at the metaphysis region (positions at 0 and 500 μm). The significance of differences (p value) between the two groups in phosphate ν1∕proline is not as dramatic as those in phosphate ν1∕amide I at the same position, indicating that there might be variations in the orientation of collagen fibrils besides mineralization in the tumor-bearing bones.
The development of bone metastases significantly alters the bone remodeling process and, thus causes pathologic compositional changes. Generally, prostate cancer bone metastasis results in mixed but osteoblastic (more bone formation) dominant lesions, while breast cancer leads to osteolytic (more bone destruction) lesions. 7 Decreased mineralization and crystallinity have been reported in animal models of prostate cancer metastasis, 25, 39, 40 which is in agreement with the formation of less mineralized woven bones at the lesion. In the breast cancer metastasis model presented here, both properties increased at the metaphysis region in the tumor-bearing tibiae where the most severe lesions exist, possibly due to the tissue's compensatory response in cortex to the trabecular bone loss caused by osteolysis lesions. Therefore, mineralization and crystallinity in metastatic 12, 13 and, thus provides important information regarding bone quality. The peak at ∼1070 cm −1 in the Raman spectrum of bone is generally assigned to the carbonate ν1 mode. Although the neighboring bands from phosphate ν3 (1076 cm −1 ) and lipid (1060 cm −1 ) could potentially interfere with the precision in peak height and area calculation, the ratio of carbonate (at 1070 cm −1 ) and phosphate ν1 (960 cm −1 ) have been calibrated with various weight% of carbonated apatite and validated as an efficient measure for carbonation quantification in bone. 32 Therefore, the Raman spectral parameter carbonate/phosphate ν1 reflects the carbonation level and has been suggested to be predictive for osteoporotic fractures.
10 With aging, the carbonation level increases possibly due to the accumulation of bicarbonate ions produced by osteoclasts in the tissue. 25 This is a particularly attractive hypothesis here, since metastasis-bearing bone has extremely elevated osteoclast activity. Previous RS studies on metastatic bones from the prostate cancer model showed significantly elevated carbonation level than controls. In the current study, breast cancer bone metastasis also caused significant and consistent enhancement in carbonate substitution across the entire measurement region (2 cm). In addition, such enhancement is positively correlated with the size of bone metastatic lesions. These results suggest that Raman-derived carbonate substitution parameter, i.e., carbonate/phosphate ν1, can potentially be used as a unique spectral marker to evaluate bone quality alteration with tumor progression and may provide important information for the prediction of pathological fractures.
In summary, the present paper investigated the potential of RS in assessing pathological fracture risk. An RS spectral marker has been discovered, reflective of bone degeneration and metastatic lesion development. Although this ex vivo study exploited conventional RS, it paved the road to noninvasive assessment of metastatic bone using SORS or RT.
